Introduction
In the last 16 years, considerable effort has been devoted to reversing the decline of anadromous runs of Pacific salmon and steelhead trout (Oncorhynchus spp.) in the Columbia River Basin of the Pacific Northwest. The development of safe fish bypass systems at hydroelectric dams has been essential for protecting downstream migrating smolts. While most downstream smolts pass safely through a single dam, the cumulative mortality which results from passing through as many as nine dams can be substantial (Williams, 1989) . Two methods of safely passing smolts include surface flow passed through a sluiceway, and In-Turbine Diversion Screens (IDS). IDSs divert smolts in the upper water column up into the relatively quiet water of the gatewells, where they are passed into the river below the dam, thus avoiding the turbines.
Fisheries agencies and power producers have increasingly relied on hydroacoustic assessment of smolt passage to aid in the design of and estimation of the effectiveness of bypass systems. Accompanying this reliance has been an interest in comparing hydroacoustic estimates of smolt passage with net-catch estimates.
The results of comparisons conducted at four Columbia and Snake river dams are presented below. 
Methods
Over the last 16 years, fixed-location hydroacoustic techniques have been used to conduct unobtrusive monitoring of the abundance, distribution, and behavior of smolts as they pass through dams in the Columbia River Basin (Ransom and Steig, 1994) . Over 100 major hydroacoustic evaluations have been conducted (Ransom and Steig, 1995) . In general, single-beam, fixed-location hydroacoustic techniques have been employed since the smolts were of a relatively uniform size distribution, and the objectives of the study could be effectively addressed with relative estimates of fish passage. The hydroacoustic systems operated at 420 kHz. Each system included an echo-sounder, multiplexer/equalizer, chart recorder, oscilloscope, and one or more transducers and cables. Transducers were selected for low sidelobes, minimizing the chances of acoustic returns from the structure of the dam obscuring fish traces on echograms.
The most limiting factor was the low signal-to-noise ratio. Background noise levels at the large hydropower dams were relatively high due to ambient electrical fields and occasional wind-driven entrained air. The systems were typically adjusted so that only targets of 55 dB or larger (on-axis) marked on echograms. This threshold corresponded to a predicted length (dorsal aspect) of 31 mm (Love, 1977) .
The primary data record was the chart recorder echogram. A predetermined set of fish detection criteria was established for selecting fish traces from echograms, and included minimum amplitude, minimum number of ensonifications (four), and inferred direction of movement (downstream). The last mentioned was obtained from trace type data provided by obliquely aimed transducers. Water velocities were high enough that virtually all observed smolts were entrained in the flow. Information from individual fish detections (time of detection, range to detection, trace type) on the echograms was entered into computer storage, typically via a digitizing pad. Smolt counts were weighted to compensate for beam spread (i.e. 1/Range), intake width, and spatial subsampling.
Ice Harbor Dam is located on the Snake River, at river km 16. During spring 1982, a 15 conical-beam transducer was used to monitor fish entering the sluiceway opening (1.2 m deep by 6.1 m wide) at Turbine Intake 3C (Johnson et al., 1982) . The surface sluiceway provides a smolt passage route that results in lower mortality than turbine passage (Schwiebert, 1977) . The transducer was mounted 6.1 m deep, and aimed upward and 10 downstream from vertical. Concurrent fyke netting was conducted in the same sluiceway opening.
Rocky Reach Dam is located on the Columbia River, at river km 761. In spring 1983, an IDS was being considered for the dam. The in-turbine vertical distribution of smolt passing through Turbine Intake 1B was monitored hydroacoustically, while fyke netting was conducted periodically in Turbine Intake 1A (Raemhild et al., 1985) . Opposing 6 conical-beam transducers were aimed upward and downward (Fig. 1) . Seven rows of fyke nets from the intake ceiling to the floor were sampled. The vertical distribution data from hydroacoustic sampling were combined into range strata that corresponded to the seven rows of fyke nets.
Lower Granite Dam is located on the Snake River at river km 174. During spring 1985, 8 conical-beam transducers were used to monitor smolt entering Turbine Intakes 4A and 4B, in conjunction with tests of an IDS (Kuehl, 1986) . The transducers were mounted on the forebay wall of the dam near the bottom of the reservoir and aimed upstream 21 from vertical. Net catch estimates were based on combined fyke net and gatewell catch.
Wanapum Dam is located on the Columbia River at river km 669. A prototype IDS was tested in Turbine Intake 4B, and consisted of a fixed screen composed of bar mesh (wedge wire) screen with the bars running parallel to the intake water flow lines (Fig. 2) . Estimates of Fish Guidance Efficiency (FGE, the proportion of smolts guided by the IDS) were made with an array of fyke nets that captured the smolts not guided by the IDS, and a fish extraction system that removed guided smolts from the gatewell. Fyke nets were inserted through the forward (i.e. upstream) gatewell to a position directly below the leading edge of the IDS (Fig. 2) . Fyke netting was effort intensive, and virtually all fish captured by the fyke nets died. In order to avoid mortality and permit sampling for longer periods of time, hydroacoustics was used to estimate FGE from 1991 to 1994 . The transducers used at Wanapum Dam had nominal beam widths of 6 12 (elliptical beam) at the 3 dB points (one-way propagation). From 1991 to 1993, two opposing transducers were used. In 1994, a single transducer was attached to the downstream side of the trash rack, 0.6 m above the bottom (32 m deep), at the center of the intake. It was aimed upward and 23 downstream from vertical, and monitored the area immediately upstream of the IDS. This deployment resulted in effective sampling of all but the lowest 1.5 m of the water column.
Sample rates were the highest that could be obtained without obscuring fish traces with excessive reverberation or crosstalk between other systems, and was typically 12-15 pings s . Each fish detection was weighted for spatial and temporal subsampling. Hydroacoustic estimates of FGE and total smolt passage into Intake 4B were made in real-time. Some time after each FGE test, the catch estimates for the same parameters were obtained. The net catch and hydroacoustic estimates for smolt passage and FGE were compared using a Wilcoxon paired-sample test. A linear regression between hydroacoustic and net catch estimates was calculated and tested for a statistically significant relationship.
Results
At Ice Harbor Dam, the correlation between sluiceway hydroacoustic and net-catch estimates (Fig. 3) was highly significant (r=0.96, n=26, p<0.001) (Johnson et al., 1982) . At Rocky Reach Dam, hydroacoustic and fyke net vertical distributions were very similar (Fig. 4) (Raemhild et al., 1985) . The Lower Granite Dam correlation between hydroacoustic and net catch estimates of smolt passage into Turbine Unit 4 (Fig. 5 ) was highly significant (r=0.96, n=21, p<0.001) (Kuehl, 1986) . At Wanapum Dam during 1994, the mean net catch estimate of total passage over the 10 FGE tests was 3509 smolts, compared to the mean hydroacoustic estimate of 3010, within 14% (Table 1) . The net catch and hydroacoustic estimates of smolt passage were not statistically different (p>0.05). In addition, the sample variability around the hydroacoustic estimates was much less than the variability around the net catch estimates.
There was a statistically significant relationship between net catch and hydroacoustic estimates of smolt passage. The regression yielded the following relationship (r=0.96, n=10, p<0.001) (Fig. 6a) For 1991 For -1994 , net catch estimates of FGE for 37 individual tests averaged 61%, and were not significantly different from the mean hydroacoustic estimate of 62% (p>0.05) ( Table 2 ). There was a significant relationship between hydroacoustic and net catch estimates of FGE (r=0.36, n=37, p=0.031) (Fig. 6b) .
Discussion
Hydroacoustic and net catch estimates of smolt passage have compared well. The hydroacoustic results have aided in the design and refinement of safe bypass measures for smolts.
Comparisons have not been conducted more frequently at Columbia River Basin dams because of the formidable logistical obstacles that direct capture techniques encounter in the high water flow and velocity environments at the dams. Indeed, it is primarily because hydroacoustics is much less subject to these limitations than direct capture techniques that hydroacoustics has been implemented so widely at these dams. Sources of variability in hydroacoustic estimates result from spatial and temporal subsampling, the latter of which can be addressed by continuous sampling or by judicious allocation of subsamples within an hour (Skalski et al., 1993) . Net catch estimates also exhibit sources of variability and bias. Spatial subsampling with nets occurred at Lower Granite Dam and Wanapum Dam in 1994. Anomalies in fish catches that occur during turbine start up and shut down probably introduce variability at the beginning and end of FGE tests of IDS effectiveness. Fish catch estimates are felt to be affected more markedly by these sources of bias during shorter tests.
